Adenosylcobalamin mediates hydrogen transfer in these reactions by a mechanism that is thought to involve organic radical intermediates [l-31. An exception is the reaction of lysine 2,3-aminomutases from Clostridia, which catalyse the reaction shown in Equation 2 but which do not require coenzyme BIZ.
S-Adenosylmethionine (SAM) and an iron-sulphur centre function in place of adenosylcobalamin. Because of its coenzyme BJike role in this reaction, SAM was originally described by H. A. Barker as 'A poor man's adenosylcobalamin' [4] .
T h e conversion of lysine into P-lysine by lysine 2,3-aminomutase proceeds without exchange of solvent protons with substrate hydrogen, and by the stereochemistry illustrated in Equation 2 [5, 6] . T h e purified Clostridial enzyme is a hexamer of identical subunits that contains [4Fe-4S] clusters and pyridoxal-5'-phosphate (PLP), and it is activated by SAM [4,7-91. Lysine 2,3-aminomutase is best purified inside an anaerobic chamber because of its sensitivity to dioxygen, and in the presence of low concentrations of PLP and lysine to protect it from activity losses during purification [9, 10] .
T h e biological significance of lysine 2,3-aminomutase includes the production of P-lysine for the biosynthesis of antibiotics Abbreviations used: SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; PLP, pyridoxal-5'-phosphate; EPR, electron paramagnetic resonance; ESEEM, electron spin echo envelope modulation.
[ 1 1,121. In addition, transformation to P-lysine is the first step in the production of acetyl-CoA from lysine in Clostridia, which can use lysine as a source of carbon and nitrogen [13, 14] .
The coenzymes of lysine 2,3-aminomutase, SAM, PLP and an iron-sulphur centre, are well known for their classical roles in biological methylation, metabolism of amino acids, and biological electron transfer, respectively. However, their functions in the conversion of lysine into P-lysine are mechanistically novel. SAM does not act as a methyl donor in this reaction, but rather, as a hydrogen transfer agent. T h e iron-sulphur centre mediates an internal electron transfer within the catalytic cycle, probably by a novel mechanism. And PLP, which normally facilitates enzymic transformations by stabilizing amino acid carbanions, facilitates a radical rearrangement in the lysine 2,3-aminomutase mechanism.
Role of SAM in the action of lysine 2'3-aminomutase
Purified lysine 2,3-aminomutase was originally described as a SAM-activated enzyme that contained PLP and iron [5] . SAM acts as a true coenzyme and is not consumed in the reaction. The 5'-deoxyadenosyl moiety of SAM mediates the hydrogen transfer part of the rearrangement in a manner strictly parallel to that of adenosylcobalamin in coenzyme BI2-dependent reactions. Activation of the enzyme with [5'-3H]adenosylmethionine leads to the transformation of lysine into an equilibrium mixture of [3H]ly~ine and P-[3H]lysine [15] . Both of the diastereotopic hydrogen atoms on C5' of the adenosy1 moiety of SAM are mobilized in the reaction [16] . Hydrogen transfer from the pro-R position at C3 of lysine to the pro-R position at C2 of P-lysine proceeds both intramolecularly and intermolecularly, as shown by the 'H content of P-lysine formed from mixtures of lysine and [3-'H2]lysine in various ratios [16] . Given the hydrogen transfer properties of the enzyme-SAM complex, it seems that the bond between C5' and the sulphur of SAM must be cleaved transiently in the mechanism. Support for such a process is provided by the observation that SAM is cleaved to methionine and 5'-deoxyadenosine in substoichiometric amounts at the enzyme active site in the presence of lysine, that is, in the course of catalysis [lo] . In all respects, the function of SAM is similar to that of coenzyme BIZ in enzymic rearrangements.
The structures of adenosylcobalamin and SAM have only the 5'-deoxyadenosyl moiety in common (Figure 1) . A key property of adenosylcobalamin that contributes to the function of the 5'-deoxyadenosyl moiety is the weakness of its Co(II1)-C5' bond, which displays a bond dissociation energy of about 30 kcal/mol [ 17,181. The bond is strong enough to be stable under cellular conditions, but weak enough to be susceptible to homolytic cleavage within the active site of an enzyme. The reversible dissociation of this bond to cob(I1)alamin and the radical 5'-deoxyadenos-5'-yl (5'-deoxyadenosyl radical) according to Equation 3 may be brought about by enzymic binding interactions, presumably exclusively in the presence of a substrate or a regulatory molecule.
The 5'-deoxyadenosyl radical can then initiate a radical rearrangement by abstracting a hydrogen atom from a substrate bound at an adjacent location within the active centre [Z] . The mechanism by which a substrate radical rearranges to form the corresponding product radical varies between reactions. The product radical finally abstracts a hydrogen from C-5' of 5'-deoxyadenosine and regenerates the 5 '-deoxyadenosyl radical.
A physical cleavage of the S-C5' bond in SAM analogous to that in coenzyme BIZ (Equation 3) does not seem feasible because of the strength of the carbon-sulphur bond, the bond dissociation energy of which is estimated to be > 60 kcal/mol-'. Nevertheless, the mechanistic functions of the 5'-deoxyadenosyl moieties of SAM and coenzyme BI2 are strictly analogous. Therefore, a chemical modification of SAM that induces reversible cleavage of the S-C5' bond must be available in the case of lysine 2,3-aminomutase, and this is thought to be the role of the iron-sulphur centre.
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Interaction of SAM with the ironsulphur centre
The iron-sulphur centre of lysine 2,3-arninomutase has been characterized by chemical and spectroscopic analysis for iron, chemical analysis for sulphide, and electron paramagnetic resonance spectroscopy (EPR) . Evidence indicates that one type of iron-sulphur centre is present, and it is provisionally assigned as a [4Fe-4S] 
Coenzyme BIZ
cluster [9, 19] . There appear to be three [4Fe-4S] clusters per molecule of the hexameric enzyme. Of the four states in which the ironsulphur centre can be observed, EPR and chemical data indicate that the two non-functional forms are a partially degraded [3Fe-4S] + cluster and one designated [4Fe-4SI3+, the nature of which is still under investigation. Both of these forms can be transformed into a functional form by incubation of the enzyme with iron sulphate and a reducing agent such as dihydrolipoate or glutathione [9] . The resulting EPR-silent form is presumably [4Fe-4SI2+, although this remains to be verified by Mossbauer experiments. The [4Fe-4SI2+ cluster is not itself catalytically functional; however, it can be transformed into the active form by dithionite reduction in the presence of SAM [ 191.
Reduction of the EPR-silent cluster into an EPR-positive, reduced and catalytically active, form by dithionite has an absolute requirement for SAM [19] . Our working hypothesis is that the binding of SAM to the active site alters the enzyme conformation around the [4Fe-4SIZt cluster, and the resulting changes in the interactions of the ligands facilitates reduction of the cluster to [4Fe-4S]+. The process is formulated in Equation 4, where the enzyme form E-[4Fe-4S]+/SAM is characterized by a broad EPR signal centred at g = 1.91 [19] .
The species on the right side of Equation 4 represents active lysine 2,3-aminomutase. It is not known whether the requirement for SAM in the reduction of [4Fe-4SI2+ cluster is a kinetic or thermodynamic effect of binding SAM. One interesting possibility is that a SAM-induced conformational change alters the reduction potential of [4Fe-4SI2+ and brings it into the range of dithionite. The reduction can also be potentiated by S-adenosylhomocysteine (SAH).
The resulting reduced iron-sulphur centre, E-[4Fe-4S] + /SAH, is spectroscopically similar to that produced in the presence of SAM; however, it is not catalytically active [ 191.
We have postulated that a chemical mechanism by which SAM can be cleaved to the 5'-deoxyadenosyl radical involves an interaction with the [4Fe-4S] cluster at the active site. The exact nature of such a mechanism is not known. In fact, the 5'-deoxyadenosyl radical has never been observed spectroscopically, either in the reaction of lysine 2,3-aminomutase or in any coenzyme B12-dependent reaction, presumably because it is too reactive to be observed spectroscopically. Alternatively, it may be that it never exists as a discrete species but is captured by reaction with a substrate in the transition state for S-C5' bond cleavage. Provisionally, we postulate that the putative 5 '-deoxyadenosyl radical is a discrete intermediate and that it is produced by the reversible cleavage of the S-C5' bond in the complex of SAM with the fully reduced While the equilibrium for this process, if it occurs, must lie very far to the left, a small fraction of the form containing the 5'-deoxyadenosyl radical could initiate the substrate radical rearrangement, the mechanism of which has been elucidated as described in the next section.
The mechanism of lysyl radical rearrangement and the role of PLP
The analogy between the role of SAM in lysine 2,3-aminomutase and of adenosylcobalamin in coenzyme B12-dependent reactions implied the participation of the 5'-deoxyadenosyl radical in the isomerization of lysine into /I-lysine [15] . The mechanism proposed to explain the roles of both the 5'-deoxyadenosyl radical and PLP is given in Figure 2 . Lysine is bound as an external aldimine of PLP, and its 3-proR hydrogen is abstracted by the 5'-deoxyadenosyl radical to form 5' -deoxyadenosine and a lysine-radical intermediate of the external aldimine (1, Figure   2 ). Rearrangement of intermediate 1 to a /3-lysine-radical intermediate 3 is postulated to take place in two steps by way of the aza-cyclopropylcarbinyl radical 2, shown in Figure 2 . Extensive EPR spectroscopic and kinetic evidence identifying two of the four putative organic radicals in Figure 2 as reaction intermediates has been obtained.
Characterization of p-lysine-radical intermediate I in Figure 2
The product-related radical 3 can be observed directly by EPR analysis of samples containing enzyme, SAM, and lysine after freezing at 77 K in the steady state [ZO] . Deuterium labelling experiments proved that the unpaired electron was substantially localized at C2 of lysine. The radical was shown to be formed within a few Volume 
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seconds and only in the presence of both SAM and lysine. Its status as a probable intermediate was indicated by the fact that its concentration was initially high in the steady state, but then declined to a lower equilibrium concentration at the same rate as the approach to equilibrium of lysine with P-lysine. The conformation of this radical was established after resolution enhancement and simulation of EPR spectra obtained with 'H-, I3C-, and "N-labelled lysine [21] . Comparison of the coupling constants from the simulations with literature values for relevant model radicals in crystalline samples allowed the conformation to be deduced [21] .
The unpaired electron in radical intermediate 3 should be significantly delocalized into the carboxylate group. Delocalization should stabilize the radical and can explain why it is the only one of the four radicals in Figure 2 to be observed in the steady state. It appears to be more stable than the others which, if they are present, are at concentrations too low to be observed by EPR. Evidence for delocalization of the unpaired electron is provided by the EPR spectra obtained with [l-'3C]lysine as the substrate (Figure 3) . The EPR spectrum of the 1-[2-'3C]lysine-radica1 3 reported earlier was dramatically broadened, relative to the unlabelled radical, owing to the large anisotropic hyperfine splitting from 2-I3C [21] . As seen in Figure 3 , the spectrum with l-I3C is also broadened, albeit less than with 2-13C, indicating that most of the spin is on C2.
The spin density on C2 has been estimated at about 80% from the isotropic component of the a-proton hyperfine splitting constant and the McConnelI relationship [21] . An independent estimate of the spin on C2 of about 70% was made using the theoretical and experimental values of the anisotropic components of the I3C tensor [21] . Similarly, the spin density on C1 can be estimated from the [1-I3C] spectrum in Figure 3 . The doublet splitting in the positive portion of Figure 3 (b) is similar to that observed for a-radicals of carboxylic acids irradiated in solution [22] . The resolution-enhanced spectrum in Figure 3 suggests that most of the remaining spin can be assigned to the two oxygen atoms in the carboxylate group.
The characterization of radical 3 by EPR did not connect the unpaired electron to PLP. Because standard chemical methods for identifying external aldimines between substrates and PLP failed to provide any evidence for imine formation, the question of whether PLP participated in any way in the reaction mechanism became an issue. T o resolve this, we resorted to 2H electron spin echo envelope modulation (ESEEM) spectroscopy on the P-lysine-radical 3 [23] . The site of 2H labelling was C4' of PLP, the carboxaldehyde carbon. If PLP is connected as an aldimine to the P-lysine-radical, the distance between 'H in [4-2H]PLP and the unpaired electron must be within the detectable range of ESEEM (6A) of the unpaired electron, which is located mainly on C2. The ESEEM spectrum with [4-'H]PLP revealed a prominent doublet centred on the Larmor frequency of 'H, whereas a matched sample prepared with unlabelled PLP gave no ESEEM spectrum. From the coupling constant, the distance between the deuterium at C4' of PLP and the unpaired electron was estimated to be 3.4A This distance proves that PLP is part of the radical system and is fully compatible with an imine linkage between PLP and the P-lysyl moiety.
In separate experiments, the rate at which the P-lysine-radical turns over in the course of catalysis was measured. The turnover rate constant for the radical was indistinguishable from the enzymic turnover number, confirming that radical 3 was kinetically competent as an intermediate in catalysis [24] .
Observation of an analogue of lysineradical 2 in Figure 2 by EPR
The P-lysine-radical 3 was the most stable radical in the steady state with lysine as the substrate, and it was the only species among the putative radical intermediates in Figure 2 to be present at a concentration that allowed observation by EPR. We undertook to observe an analogue of another one of the radicals in Figure 2 by introducing a radical-stabilizing functional group into the substrate. For this purpose, we chose P-aminoethylcysteine (4-thialysine) as a substrate. 4-Thialysine is a true substrate for lysine 2,3-aminomutase and reacts according to Equation 6 . The initial rearrangement product is unstable and undergoes cleavage and hydrolysis to ammonia, mercaptoethylamine and formylacetate. The reaction of 4-thialysine as a substrate is kinetically characterized by a K,,, value of 5.5 mM, similar to the value of 7 mM for lysine, and it reacts with a maximum velocity of about 3% of that for lysine [25] . The secondary decomposition of the primary rearrangement product from 4-thialysine does not interfere with EPR experiments conducted on samples frozen in the steady state at 77K. Samples prepared with enzyme, SAM and 4-thialysine at 77 K displayed a strong EPR signal at g = 2.003 that was distinct in its coupling pattern from the signal observed with lysine as the substrate. This signal was narrowed by ' H substitution at C3 and dramatically broadened by substitution of I3C at C3. Therefore, there must have been substantial spin density at C3 of 4-thialysine. The EPR spectra strongly supported the assignment of the radical signal to the 4-thia analogue of lysine-radical intermediate 1 in Figure 2 . The structure of this radical is shown below.
The non-bonding electron pairs on sulphur adjacent to the 7c radical centred at C3 stabilize the radical to the degree that it is the most stable radical in the steady state, and none of the 4-thia-P-lysine analogue of intermediate 3 is seen in the EPR spectrum.
Non-enzymic counterparts to the radical rearrangement in Figure 2 have been reported, so that the postulated mechanism is chemically reasonable [26, 27] . The characterization of two of the radical intermediates, and the decomposition of kinetic competence for one of them, strongly supports the mechanism, which is novel for a PLP-dependent reaction.
Much remains to be learned about the structure of lysine 2,3-aminomutase and the mechanism by which SAM is cleaved to the 5'-deoxyadenosyl radical. Spectroscopic experiments on intermediates and complexes that mimic intermediates, coupled with global structural information to be obtained, should shed light on the chemical nature of the interaction between the iron-sulphur centre and SAM.
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